We investigate the two-color three-pulse photon echo peak shift in a (left−right) binary system, where each component consists of a heterodimer. On the basis of the model, we find that the effect of the excitonic asymmetry between two components leads to an additional factor in the peak shift. A pseudo-rephasing and pseudo-freeinduction-decay mechanism is proposed to explain the resultant negative peak shift, when the differences between the two left/right components have the opposite sign. In such a case, estimates of the electronic coupling strength via two-and one-color peak shift experiments lead to an underestimate of the coupling magnitude.
INTRODUCTION
The three-pulse photon echo peak shift measurements have proved valuable in the study of the solvent and solvation dynamics, which, in turn, play important roles in many chemical and physical processes in the condensed phase. 1, 2 In particular, the one-color three-pulse photon echo peak shift measurement was proposed theoretically 3, 4 and used experimentally 5−7 to understand the dynamics of solution fluctuation as a direct display of the behavior of the transition frequency correlation function M(t) = ⟨Δω(t)Δω(0)⟩/⟨Δω⟩ 2 . The photon echo peak shift measurement, being homodyne detected, provides an experimentally simple route to four-wave mixing experiments involving multiple, non-overlapping spectra for the three input pulses. In the system with electronic coupling and dynamics such as energy transfer, the development of the two-color three-pulse photon echo peak shift experiment enabled the measurement of the electronic coupling between chromophores, when used in combination with the one-color threepulse photon echo peak shift. 8−13 In these four-wave mixing measurements, three pulses are sent into a sample along different directions, which allows isolation of the photon echo signal via phase matching. In the photon echo direction, the result of the following sequence of events is detected: the first pulse creates a coherence that evolves for time τ, the second pulse creates a population state that evolves for time T, and the third pulse creates a second coherence that cancels the phase accumulated during time τ. Physically, the appearance of a finite peak shift value is due to the competition between the rephasing and the loss of rephasing ability as a result of the dynamical process under study. Typically, a non-negative peak shift is expected in these experiments. 3, 4 However, recent two-color three-pulse photon echo experiments have reported a negative peak shift on bacterial reaction center 14, 15 for small waiting time. 12, 13 The negative peak shift was previously interpreted as evidence for a negative correlated transition frequency 3 or as a result of rapid depletion of excitonic population. 12, 13 In this paper, we propose an alternative mechanism based on pseudo-rephasing and pseudo-free-induction-decay (FID) in a binary system and understand the negative peak shift as the result of macroscopic interference. 1, 16 We evaluate the effect of the electronic energy gap and electronic coupling constant asymmetry between the two components of the binary system. 17−21 A specific example of such a system is the photosynthetic reaction center, which in all known cases possesses an approximate C 2 symmetry.
MODEL
The current paper focuses on the two-color three-pulse photon echo peak shift measurements on a two-component system, where each component consists of a dimer. The structure of the system is illustrated in Figure 1a . We denote the two chromophores on each component as A and B, with subscripts, L (left) and R (right). The dimers on two components are chemically identical, but their local environments modify the vertical transition energies and the coupling constants between chromophores. We assume no coupling between the left and right components, since they are spatially well separated from each other.
To illustrate the system clearly, we first introduce the Hamiltonian of one componentthe dimer of two coupled chromophores A and B:
where
are the corresponding Hamiltonians of chromophores A and B. Here, we neglect the L and R indices of the components. The electronic degrees of freedom are diagonalized with the following transformations
where θ = 1/2 arctan[2J/(ε A − ε B )] is the mixing angle. The corresponding exciton energies read ε α = (
2 ) 1/2 )/2. These exciton energy levels are illustrated in Figure 1b . The differences between the corresponding levels are marked as Δε α ≡ ε α L − ε α R and Δε β ≡ ε β L − ε β R and are explicitly noted in the figure. In the exciton basis, the Hamiltonian is rewritten as
2 θ characterize the coupling of excitons α and β to their environments. Also,
sin θ cos θ|α⟩⟨β| describes the excitonic transition between the two excitonic states |α⟩ and |β⟩.
The term with q αβ was neglected in previous theoretical studies. 8, 10, 22 The reason is as follows: physically, the system, considered here, has a large energy gap between the oneexciton states, in comparison to the reorganization energy. Therefore, it is expected that the exciton transfer rate will be much smaller than the dephasing rate. The traditional peak shift experiments measure the rephasing capability of a dephased coherent state. In this sense, the excitonic population transfer in the measurement window will not make a significant change to the peak shift value. 8 Thus, we also neglect this term in the current discussion. However, such a term may give rise to different phenomena, when resonance exists between the initial state and a discrete vibrational level of the final state. 23 This effect will be discussed in a future study. Theoretically, such an effect can be evaluated by phenomenologically including the energy transfer as an incoherent hopping 24 between chromophores or using a time-nonlocal quantum master equation.
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TWO-COLOR THREE-PULSE PHOTON ECHO
In the two-color three-pulse photon echo experiments, there are multiple choices for pulse sequence. In a downhill measurement, the initial two pulses are higher in energy. The photon echo signal is selected by using phase matching in the direction
is the corresponding incident direction of the ith pulse. In this signal direction, the first pulse creates a coherence between the highlying energy level (|α⟩) and the ground state (|g⟩), while the second pulse brings the coherence into a population state. The probe and detection pulse frequencies are at lower frequencies than the first and second pulses, which means the low-lying level (|β⟩) is detected. The corresponding responses of the system are illustrated by the double-side Feynman diagrams in Figure 2 . Parts a and b show the responses from the left component, while parts c and d illustrate that from the right component. To focus on the mechanism, we assume the impulsive limit 1 in the following discussion. The integrated signal intensity of a single dimer on one component reads
where 
where 4 θ, and g ββ = g A sin 4 θ + g B cos 4 θ are the three composite line broadening functions with
Here, w ( )
is the spectral density of chromophore i and σ i is the corresponding inhomogeneous broadening. We remark here the inhomogeneous broadenings are independently assigned on the sites. 8 For a heterodyne detection, e.g., 2D electronic spectroscopy, 26,27 the phase factor terms exp[iε α τ − iε β t] are utilized to locate the positions of the peaks. Since the peak shift measurement generally involves a homodyne detection, 3, 22 such a term does not have any influence over the signal of the single dimer and therefore was ignored in previous investigations. However, in our binary system, the asymmetries between components result in different phase factors, which results in macroscopic interference 1, 16 of the signals from the two components. On this basis, the overall signal of the binary system follows as
are the corresponding non-integrated signals of left and right components. In the case of identical components, the inhomogeneous broadening is described by a single Gaussian function, which is the same as that of a single dimer. However, the asymmetry between components results in an essentially different inhomogeneous broadening for the same type of chromphore (type A or type B), characterized by the sum of two Gaussian functions, which is not equivalent to that of the single dimer.
To simplify the discussion, we assume that the coupling constants J and the electronic energy gaps Δ = ε A − ε B are different for the two components, while the mixing angles are kept the same. This assumption enables us to simplify the analytical result and clarify the physical mechanism underlying the signals. Considering the assumptions above and the differences in the two components, we obtain the three-pulse photon echo signal of the binary system as 
is an additional factor that reflects the asymmetry between the components. Here, we consider a simple system with only two components. For a system with more than two components, the additional factor becomes complicated with all the combinations of differences between components. When these differences between components form a continuous distribution, the properties described below will disappear.
Previous theoretical investigations of the two-color threepulse photon echo were performed on a single dimer system; thus, the term τ t ( , ) DN did not appear. The non-integrated signal intensity τ | | T t ( , , ) DN 2 of the single dimer system reaches its peak at t ≈ τ, which results in the peak shift in the integrated intensity. However, our additional term will modify the above behavior of the photon echo signal. To illustrate the modification, we compare the behavior of the non-integrated In Figure 3b , we show the signal maximum position is shifted to a larger t value (red solid line), compared to that of the single dimer (black dotted line). In this calculation, the energy differences between the chromophores are set as Δε α = 140 cm −1 and Δε β = 140 cm −1
. The peak of the signal of the single dimer (black dotted line) reaches its peak around t = 5.5 fs, while the additional factor (blue dashed line) peaks at t = 10 fs. The overall signal (red solid line) of the binary system has its maximum at t = 6.5 fs.
Case II (Δε α ·Δε β < 0). Now, Δε α and Δε β have opposite sign. In this case, τ t ( , ) DN peaks at a negative value t = −|Δε α /Δε β |τ, which results in an additional decay in the overall signal. The decay is similar to the free induction decay (FID) of the signal from non-rephasing pathways of a single dimer. Thus, we call this decay a pseudo-FID. Figure 3c presents a typical example for the current case, Δε α = 140 cm −1 and Δε β = −80 cm −1 . The signal of the binary system is shown by the red solid line, which clearly peaks at a smaller value (t = 3.5 fs) than that of the single dimer (t = 5.5 fs). To evaluate the long time behavior of the peak shift, we include the non-rephasing pathway, shown in Figure 2e −h, to calculate the signal at τ < 0.
In the non-rephasing pathways, the order of the first two interactions is reversed, inducing a different coherence compared to that in the rephasing pathways. In this case, the accumulated phase during the first delay is not canceled by the coherence in the third delay. In the overall signal, we have a different additional factor for the non-rephasing pathways In contrast to
reaches its peak at a positive value t = |Δε α /Δε β |τ, which is similar to the rephasing behavior and hereafter called pseudo-rephasing. This pseudorephasing mechanism produces a peak in the non-rephasing signal. The combination of pseudo-FID in the rephasing pathways and pseudo-rephasing in the non-rephasing pathways together results in a negative peak shift in the downhill signal.
In Figure 4 , we show the linear absorption spectra ( Figure  4a ) and the peak shift values by the red solid line (Figure 4b . In Figure 4b , the increase of peak shift is clearly demonstrated as the solid red line with parameter set 2, in comparison with that with set 1, while the overall decrease of peak shift is observed for set 3. After 200 fs, the peak shift for set 3 becomes negative due to the above mechanisms. However, the small differences in the linear absorption spectra in Figure 4a make it very difficult to distinguish the two parameter sets by means of the spectra. The origin of this ambiguity lies in the similar amplitudes of the inhomogeneous and homogeneous broadening. However, the two-color three-pulse photon echo peak shift measurement is sensitive to the underlying asymmetry.
Let us consider the effect on the signal in the uphill experiment. Here, instead of the first two pulses being at higher frequency, we apply two lower frequency pulses to access the low-lying exciton level |β⟩ and probe the system's response at the higher frequency (level |α⟩). The corresponding diagram can be obtained by switching the indices α and β in Figure 2 . Similarly to the downhill experiment, the signal is explicitly expressed as 
where τ T t ( , , ) UP is the uphill non-integrated signal intensity of the single dimer and
UP DN is the additional factor in uphill experiments. The non-integrated signal can be obtained by switching the indices α and β as
The behavior of the additional factor τ t ( , ) UP is similar to that in the downhill measurement discussed above. The similar mechanisms result in almost identical features in the uphill signal behavior. We plot the peak shift in the uphill case as a function of population time T (blue dashed lines) in Figure 4b . In the figure, the peak shift value increases when Δε α and Δε β have the same sign (Δε α = 140 cm ). We also notice a negative peak shift after 200 fs for case II. In the two-color photon echo measurement, the peak shift increases as the coupling J 0 becomes stronger. 8 However, the additional factor reduces the peak shift due to the pseudo-FID mechanism in the rephasing pathways for case II. The pseudo-rephasing mechanism appears in the non-rephasing pathway and results in a negative peak shift as |Δε α | and |Δε β | increase in case II. In the current study, we choose a moderately strong coupling strength J 0 = 280 cm −1 , similar to that in the bacterial reaction center. 13 The smaller values of |Δε α | and |Δε β | are required for a negative peak shift, when the coupling J 0 of the dimer is weaker.
In the above discussion, the negative peak shift is induced by the asymmetry between the two components of the binary system. A similar asymmetry to that in case II has been observed in the wild-type bacterial reaction center, where each branch has three chromophores, denoted as BChl, BPhy, and P (special pair). The exciton energy differences 19 for the BChl's and BPhy's on the two branches are Δε BChl ≃ 150 cm −1 and Δε BPhy ≃ −120 cm −1
. A previous study 13 suggested that energy transfer to a special pair also results in a negative peak shift. The two mechanisms should be distinguished via experiments on the P-less mutant, 28 in which the special pair has been removed. The asymmetry also affects the one-color three-pulse peak shift signal, which can be derived by changing β to α in the corresponding diagrams. The resultant additional factor reads ε τ
, which is essentially a pseudorephasing effect and increases the peak-shift value. The twocolor peak shift measurement was shown to enable estimates of the magnitude of the electronic coupling 8, 10, 12, 13 between the chromophores in a single dimer by combining the two-color data with the corresponding value from a one-color experiment. However, the decrease of the peak shift value from two-color measurement on the binary system in case II (Δε α ·Δε β < 0) leads to an underestimation of the coupling strength, which is characterized by a coefficient C μv ≡ 2 sin 2 θ cos 2 θ. In the simulation, the coupling coefficient is estimated with the method 10 described by Mancǎl and Fleming. In Figure 4c , we illustrate the estimated coupling coefficient for three different parameter sets. The gray line shows the exact value C μν = 0.362. The estimated value is smaller in the case (Δε α ·Δε β < 0) than that of a single dimer (Δε α , Δε β ) = (0, 0). In terms of the coupling strength, the values are underestimated as J ≃ 275, 254, and 143 cm 
CONCLUSIONS
We investigated the two-color photon echo peak shift of a binary system (a pair of dimers) and showed the appearance of an additional factor in the signal. On the basis of this observation, we propose a mechanism involving pseudorephasing and pseudo-FID to explain the negative peak shift in the binary system, where the energy differences for two pairs of chromophores have the opposite sign. We also demonstrated an underestimate of the electronic coupling strength via twoand one-color peak shift experiments in such a case.
